An analysis of the attitude motion and stability of such a dual-spin spacecraft with damping only on the slowly spinning main part was reported previously.'
The resulting differential equations of rotational motion when linearized were an autonomous set of fifth order equations with constant coefficients. Analytical stability criteria were developed from these equations using the method of This third theory will be the basis for the investigation considered herein.
Although the results will be applied directly to the SAS-A spacecraft, it should also be of interest to the designers of other dual-spin systems having nonrigidly connected solar paddles.
II. ANALYSIS
It is a well-known textbook problem that a rotating rectangular plate with a constant angular velocity can be forced to rotate about a nonprincipal axis of inertia under the influence of a reaction torque which acts about an axis perpendicular to the plate and rotates with it. 4 In 1963 Garber studied the stability of a gravity-gradient stabilized satellite under the influence of a constant disturbing (reaction) torque.5 He concluded that if this torque were sufficient to produce a non-zero steady-state pitch (in-plane) motion, it could lead to instabilities in the roll-yaw out-of-plane motion.5
This idea may be applied to the motion of a spinning satellite with loosely attached solar paddles; a plausible model is shown in Figure 1 . A possible equilibrium configuration is described by two body-axis components of the spacecraft spin vector that are non-zero:
where a is the angle between the axis of rotation and the desired system spin axis, and Q is the nominal value of the satellite spin rate.
The equations of motion for an undamped dual-spin satellite system where the desired axis of rotation is the "y" axis can be represented by:
If we calculate the disturbance torque, Ld, necessary to give this system a forced rotation represented by Equation (1), we find that:
The variational equations of motion about the equilibrium motion, Equation
(1), can be developed by assuming: (5) is multiplied by C 4 , the third by -C 1 , and the result added, the linear dependence between 8 and Iq can be established.
where 8 (0), ¢ (0) represent the initial conditions in the variational coordinates.
After elimination of S as a dependent coordinate, the independent variational equations of motion can be written:
The homogeneous system has the following characteristic equation in the variable, X,
For a boundedness of the motion the roots of Equation (9) must be purely imaginary, or
Inequality (10) may be expanded to take the form:
Inequality (11) For non-zero initial conditions in 8 or ¢ it is seen from Equation (8) that non-zero steady-state values of 3 and ¢b would result, but also that Ecs = 0. It is clear that, even in the presence of damping, this system would never be asymptotically stable about the assumed equilibrium motion of Equation (1) . Or, in other words, for small initial perturbations in the variational coordinates, regardless of the time elapsed, the system motion would never return exactly to its original equilibrium state.
Up to this point the analysis has considered the forced rotation of a general asymmetric dual-spin satellite without energy dissipation on either the main part or the rotor. To consider the motion and stability of this system with energy dissipation, first on the main part, and later on both parts of the spacecraft, a specific model for the energy dissipation must be selected. For this purpose the nutation damping system employed in the SAS-type satellites will be considered.
The satellite, wheel, and damping systems are illustrated in Figure 2 . The elements of the attitude control system are: (1) The damper is hinged about a torsion wire support which offers a restoring torque in addition to the dissipative torque associated with the damper motion.
The equations of motion for this system under the reaction torque described above and with energy dissipation on the main body may be expressed: 
where C1 -C4 have already been defined, after Equation (5). and, in addition: if C o > 0, the condition that: -C2 C4 -C1 C3 > 0 is the same as inequality (10) or (11) already discussed.
For a << 1, but not zero, the necessary condition that a 4 > 0 can be reduced, after some algebra, to: If it is assumed that L2 = L 3 = 0 and that L = Ldl, Equations (17)- (22) Instead of the Floquet analysis the Lyapunov Reducibility Theorem may be applied to reduce the linear system of differential equations with periodic coefficients to a kinematically similar system of autonomous differential equations7
This method has been recently employed by Guha in studying the attitude stability of dissipative dual-spin spacecraft.
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The homogeneous system of linear nonautonomous differential equations can be expressed in standard state vector form:
where, for this system, A (t) represents a 12 x 12 matrix. According to the Lyapunov Reducibility Theorem7 ' 8 there is a bounded nonsingular transformation matrix S (t) with a bounded inverse S -'(t) such that a matrix, D, defined by the equation:
is a constant matrix. We can then relate,
and obtain the system, y = Dy (32)
The system of autonomous equations (32), is said to be kinematically similar to the original system, (29) and has similar stability properties since the charac- It has also been demonstrated by computer simulations that external torques having amplitudes of about 4000 dyne-cm would be necessary to produce nutational motion of the SAS-A satellite with amplitudes of 0.1 degree. 9 Torques of this magnitude would be difficult to justify using even conservative aerodynamic density values at the SAS-A orbital altitude. The magnitude of the reaction torque, Ld, as given by Equation (3) was calculated for the two cases previously considered; for Case I, Ld, = -7090 dyne-cm, whereas for Case II, Ld = -3620 dyne-cm. There is a strong suggestion, therefore, that the solar panels and not the atmosphere are providing the higher amplitude torques associated with the anomalous nutational motion.
IV. CONCLUSIONS -CLOSING COMMENTS
Based on the present stability analysis and numerical results the following concluding comments can be made:
1. The motion of a dual-spin satellite system, under the influence of applied reaction torques, about an axis of rotation slightly displaced from the nominal spin axis remains bounded. For small initial perturbations, the system, however, is not asymptotically stable about the original equilibrium state.
2. For the case of energy dissipation only on the main body it is seen that the necessary Routh stability criteria for this motion are satisfied; for the general case of damping on both the main spacecraft and the wheel, stability is indicated by a numerical examination of the roots of the system characteristic equation of the kinematically similar system.
3. The Lyapunov Reducibility Theorem can be used in studying the stability of the original nonautonomous system for the case of energy dissipation on both parts of the dual-spin system. 
